Some transformable bacteria have acquired target-mediated antibiotic resistance by horizontal genetic exchange of fragments of chromosomal genes. The resistant strains express variants of the antibiotic target that are metabolically active but exhibit a lowered affinity for the antibiotic. The alleles encoding these resistant proteins are mosaics comprising DNA derived from the host and other bacteria, often members of a different species. Examples include penicillin-resistant penicillinbinding proteins (PBPs) in Streptococcus pneumoniae and the pathogenic Neisseria species and sulfonamide-resistant dihydropterate synthase in Neisseria meningitidis. Distinct mosaic alleles encoding antibiotic resistance have arisen on multiple occasions, indicating the mobility of chromosomal genes in these species. Mosaic genes can arise at any chromosomal locus, and S. pneumoniae organisms with high-level penicillin resistance have acquired mosaic PBP genes at three separate pbp loci. Furthermore, horizontal genetic exchange permits movement of alleles among bacterial lineages, increasing the opportunities for the spread of antibiotic resistance.
Some transformable bacteria have acquired target-mediated antibiotic resistance by horizontal genetic exchange of fragments of chromosomal genes. The resistant strains express variants of the antibiotic target that are metabolically active but exhibit a lowered affinity for the antibiotic. The alleles encoding these resistant proteins are mosaics comprising DNA derived from the host and other bacteria, often members of a different species. Examples include penicillin-resistant penicillinbinding proteins (PBPs) in Streptococcus pneumoniae and the pathogenic Neisseria species and sulfonamide-resistant dihydropterate synthase in Neisseria meningitidis. Distinct mosaic alleles encoding antibiotic resistance have arisen on multiple occasions, indicating the mobility of chromosomal genes in these species. Mosaic genes can arise at any chromosomal locus, and S. pneumoniae organisms with high-level penicillin resistance have acquired mosaic PBP genes at three separate pbp loci. Furthermore, horizontal genetic exchange permits movement of alleles among bacterial lineages, increasing the opportunities for the spread of antibiotic resistance.
A common activity of antibiotic-resistant bacteria is to limit
Third is intrageneic recombination of the chromosomal gene encoding the sensitive target molecule with related genes, rethe concentration of the antibiotic at its site of action to sublethal levels. A number of mechanisms for achieving this have sulting in novel alleles that are mosaic genes which encode resistant proteins [2, 3, 5] . This mechanism, the subject of this been described, including destruction of the antibiotic, as in the hydrolysis of penicillins with b-lactamases; exclusion of review, has led to the emergence of antibiotic resistance in a number of naturally transformable pathogenic bacteria, includthe antibiotic, by changes in the permeability of the cell wall; and expulsion of the antibiotic by transport mechanisms [1] .
ing Streptococcus pneumoniae; Neisseria meningitidis, the meAn alternative mechanism is target-mediated antibiotic resisningococcus; and Neisseria gonorrhoeae, the gonococcus. tance: the expression of a variant of the molecule targeted by the antibiotic that has a normal or near-normal metabolic funcSexual Processes in the Emergence of Antibiotic tion but a low binding affinity for the antibiotic. This mechaResistance nism is not as frequently encountered but has led to clinically important resistance to a number of antibiotics in several bacte-
The movement of genetic material between bacteria other rial species [2] .
than by descent, where genetic information travels vertically Bacteria can acquire target-mediated antibiotic resistance in down the generations as cells divide, is referred to as horizontal three ways. The first is accumulation of point mutations in genetic exchange. This is a sexual process that requires a mechthe chromosomal gene encoding the target. This is the least anism for the mobilization of chromosomal DNA among bactecommonly observed mechanism in antibiotic-resistant clinical rial cells. Essentially asexual organisms, bacteria transfer chroisolates, presumably because several mutational events are usumosomal DNA by three parasexual processes: conjugation, ally required to generate an allele encoding a resistant protein, transduction (phage-mediated), and transformation. although it is important in combination with other mechanisms Conjugation and transduction often transfer particular parts [2, 3] . Second is recruitment of a new gene encoding an alternaof the chromosome that are associated with the integration sites tive, antibiotic-resistant, target molecule. Examples include sulof episomal elements, whereas transformation is a generalized fonamide resistance in a number of bacterial species and methimechanism that can in principle mediate the transfer of any part cillin resistance in Staphylococcus aureus [4] . By this of the chromosome. Transformation can therefore be equated to mechanism, one event -the acquisition of a plasmid, for examthe recombination events that sexual species undergo during ple -results in a fully antibiotic-resistant strain.
sexual reproduction, except that only a part of the chromosome is involved at any one time (''localized sex'' [6] ). The majority of mosaic genes described to date are thought to have arisen the rate at which it is released (by autolysis, for example), by patterns of synonymous and nonsynonymous base changes throughout their nucleotide sequences. The degree and nature relative to its half-life in the environment [7] .
(2) DNA uptake. DNA does not normally penetrate bacterial of this divergence are different for different genes and depend on genetic and biochemical constraints on the polymorphisms. cell walls, but a number of bacteria, including both grampositive and gram-negative species, have uptake mechanisms Typically, alleles of genes that encode proteins acquire more synonymous polymorphisms (those that do not change phenospecific for DNA. Although there has been some discussion as to the principal biological role of these DNA uptake systems, type) than nonsynonymous mutations (those that do affect phenotype); however, the gradual accumulation of nonsynonymous it is clear that they do promote genetic exchange by enabling transformation to occur [7] .
base changes results in phenotypic differences among the proteins expressed by different alleles. This diversity is acted upon (3) Incorporation of DNA into the chromosome. The permanent incorporation of recruited DNA into the host's genome by selection, and if a given allele is favored by environmental conditions, its frequency in the population increases. can be achieved by a number of mechanisms, but the most likely is homologous recombination mediated by RecA. This
Intragenic recombination between genetically distinct alleles occasionally occurs as a result of transformation events, genermechanism relies on the introduced DNA and host DNA sharing a minimum of Ç70% nucleotide sequence identity and ating novel alleles that are mosaic genes. Mosaic genes have sequence polymorphisms identical to the original allele in some results in the replacement of parts of the chromosome with related DNA [7] .
parts of the gene but polymorphisms derived from the introduced gene in other parts. Mosaic genes may express proteins A wide range of DNA fragment sizes can be transferred between cells by transformation. Nucleotide sequence studies with novel phenotypes, particularly if the incoming DNA is very different from the host DNA, as would be the case if the show that the lower limit is in the range of several hundred base pairs or fewer, but the upper size limit is more difficult donor DNA derives from a different species or genus. As RecAmediated homologous recombination tolerates up to 20% -30% to establish. Complementation experiments suggest that genes as far apart as 30 kbp can be transformed in one event, but base differences in the recombining genes [7] , many polymorphisms can be introduced into the host allele simultaneously this does not prove that all 30 kbp of the introduced DNA has been incorporated into the host chromosome by a single by this mechanism. There is evidence that mosaic genes are continually generrecombination event -only that DNA fragments of this size range have been taken up by the cell. Homologous recombinaated in populations of transformable organisms, probably in all genes. Mosaic genes have also been observed in nontransformtion requires ends of DNA as substrate, and if the incoming DNA is broken into smaller fragments during or after uptake, able bacteria, but normally at a lower frequency [8, 10] . In the naturally competent Neisseria species, mosaic alleles have been this may result in a patchwork of several recombination events over the part of the chromosome complementary to the introreported for many genes, including those encoding surface antigens [11, 12] , IgA protease [13], housekeeping proteins [14] , duced DNA. Such patchworks of recombination have been observed in vitro during transduction events between Escheand antibiotic targets [15, 16] . Most mosaic alleles will be lost in diversity-reduction events richia coli strains with different restriction modification systems [8] .
soon after they arise, as -like all new variants -they are present at low frequency in the population, and only a small proporIntuitively, one might assume that restriction modification systems, which are common in several transformable bacterial tion of the cells in a given population survive to found new populations. However, if a mosaic allele expresses a phenotype species, should act as a barrier to the transfer of genetic material among strains, but there is little evidence of this in practice.
that is favored by selection, the organism carrying it has a much greater chance of founding a new population, and the Indeed, if restriction endonucleases play a role in the intracellular production of smaller DNA fragments, they may increase frequency of the mosaic allele in the population rises. The large-scale use of antibiotics has created a selection pressure the likelihood of recombination (by the generation of DNA ends), while reducing the average size of the fragments incorthat has promoted the spread of mosaic genes encoding proteins with decreased affinity for at least two important classes of porated into the chromosome [9] . Recombination of large fragments of DNA are likely to result in gene replacement, where antimicrobial agents: the b-lactams and the sulfonamides. one or more host allele is entirely replaced with the corresponding allele(s) present in the incoming DNA. Recombination of Examples of Horizontal Genetic Exchange in the smaller fragments is more likely to result in intragenic recombiEmergence and Spread of Resistance nation and mosaic genes.
Sulfonamide Resistance in N. meningitidis

Mosaic Genes: the Generation of New Alleles by Intragenic Recombination
The sulfonamides were among the first antimicrobial compounds to be widely used in the treatment of disease. They are The divergent alleles that arise at most chromosomal loci during bacterial population growth and spread are characterized substrate analogs that act as competitive inhibitors of dihy-/ 9c54$$au17 07-21-98 10:46:59 cida UC: CID dropterate synthase, encoded by the dhps gene, which catalyzes encoding a susceptible gene and introduced DNA with the same evolutionary history as the alleles present in the two the formation of dihydropteric acid as part of the folate synthesis pathway. All bacteria and some eukaryotes require this Norwegian strains [16, 18] . These data demonstrate the mobility of the dhps gene among pathway for the production of certain amino acids, purines, and pyrimidines, but, as it is not present in mammals, sulfondistinct meningococci and across large geographic distances.
We have observed similar phenomena in the meningococcal amide drugs do not affect human metabolism.
Because of their early introduction, resistance to these comantigen-encoding gene porA and suggested that this results from a global gene pool from which individual strains acquire alleles pounds is widespread, normally resulting from the expression of a dihydropterate synthase that does not bind sulfonamides. In or parts of alleles by recombination [19] . That this gene pool extends across species boundaries for Neisseria dhps genes is the meningococcus there is evidence of sulfonamide resistance arising by import of complete chromosomal dhps genes from a indicated by an allele present in a sulfonamide-susceptible strain isolated in Norway. This allele has 6% -7% sequence different species and mosaic dhps alleles that contain sequence stretches from ''resistant'' and ''susceptible'' dhps alleles. The divergence from other susceptible alleles (figure 1), the unique differences from other susceptible alleles being largely acdhps gene is also mobile among Neisseria species [16 -18] .
The nucleotide sequences of the dhps genes of two serologicounted for by a 65-bp segment that is identical to the corresponding part of a dhps allele present in a gonococcal strain cally distinct sulfonamide-resistant meningococci isolated in Norway in the 1980s are identical to each other but divergent [18] . As both the meningococcal and gonococcal alleles in this case encode enzymes that are susceptible to sulfonamides, this from the alleles present in isolates susceptible to sulfonamides by 8% -9% nucleotide differences, distributed throughout their mosaic allele has presumably not been amplified in the population by selection by sulfonamides. coding regions (figure 1). As the susceptible alleles differ from each other by only 4% -5% nucleotide differences, the divergence of the resistant alleles suggests that they have a distinct The b-lactam antibiotics (e.g., penicillins and cephalosporins) are substrate analogs for the penicillin-binding proteins (PBPs), An allele encoding a resistant enzyme present in a serogroup A bacterium isolated in Sudan is similar to susceptible strains the extracellular or periplasmic enzymes found in all eubacteria that are responsible for the final stages of peptidoglycan synthesis. at its 5 and 3 ends but has a 423-bp section in its center, where its nucleotide sequence is identical to that found in These antibiotics are not completely metabolized by PBPs and inactivate them by forming a permanent b-lactam-PBP complex, the Norwegian sulfonamide-resistant isolates (figure 1). This region includes a 6-bp insertion that is known to reduce the and cell death results from inefficient cell wall synthesis. The lethal targets of b-lactams are the high-molecular-weight PBPs, affinity for sulfonamides of the expressed proteins. The simplest explanation of these data is that this mosaic allele is the of which there are several in most bacteria, each susceptible to different concentrations of a given b-lactam [4] . result of an intragenic recombination event between an allele / 9c54$$au17 07-21-98 10:46:59 cida UC: CID Despite high diversity of amino acid sequences among the Neisseria cinerea, and examples containing both N. flavescensand N. cinerea -like sequences in the same meningococcal PBPs, they share a number of common features, including a Cterminal transpeptidase domain with a conserved active-site serpenA allele have been identified in penicillin-resistant strains. The role of these mosaics in resistance is less clear, as an ine residue, which is the residue acylated by b-lactam antibiotics. Most bacterial resistance to penicillins is the result of b-lactaadditional mutation, not present in any of the N. cinerea penA genes sequenced to date, is required for resistance [15] . There mases that inactivate the antibiotics, but target-mediated resistance, due to PBPs with low affinity for b-lactams, has arisen in is evidence that in these strains, an additional chromosomal gene may be involved in penicillin resistance. Evidence of the a number of bacterial genera, including Streptococcus, Neisseria, and Haemophilus. These organisms have acquired modified PBPs horizontal exchange of penA genes, or parts of them, has also been observed in penicillin-resistant strains of the commensal with low affinity for b-lactams resulting from sequence alterations in the transpeptidase domain of the protein, in the vicinity species Neisseria lactamica and Neisseria mucosa [15, 28] . of the active-site serine residue [3] [4] [5] [20] [21] [22] .
Penicillin Resistance in N. gonorrhoeae Moderate Penicillin Resistance in N. meningitidis N. gonorrhoeae, which principally colonizes the urinogenital tract, exhibits higher levels of penicillin resistance than its close To date, meningococci exhibiting high levels of penicillin resistance have been isolated only sporadically, and plasmids relative N. meningitidis, which normally inhabits the nasopharynx. The reasons for this are unknown but may involve differexpressing b-lactamases have not become widespread in this species [4] . In some countries, moderately penicillin-resistant ences in selection pressures resulting from differences in exposure to penicillins. While many penicillin-resistant gonococci strains (that is, with an increase in resistance from an MIC of 0.04 mg/mL to 0.4 mg/mL) have become established [15] . These contain a plasmid expressing a TEM b-lactamase, others do not. In the strains without a b-lactamase, higher levels of resisare potentially of clinical importance, as during treatment of meningococcal meningitis with penicillins it is necessary to tance (up to 1,000 times those of susceptible isolates) are the cumulative result of genes present at four separately transformkill bacteria in the CSF, in which it is difficult to achieve high penicillin concentrations [23] . able loci, each of which individually provides only low levels of resistance [4, 29] . In some meningococcal strains, these moderate levels of penicillin resistance are the result of the expression of PBP2 Two of these are PBP genes, expressing penicillin-resistant PBP2 (encoded by variants of the penA gene) and PBP1 (en-(encoded by the penA gene) variants with low affinity for penicillin. Whereas the penA genes of susceptible meningococci coded by the pon gene) [30] . The other two loci involved in penicillin resistance (penB and mtr) affect the permeability of are quite uniform and closely related (98% nucleotide sequence identity) to the penA gene of N. gonorrhoeae, the penA alleles the outer membrane of the cell and can contribute to b-lactam resistance and resistance to unrelated antibiotics [4] . As in the of the moderately penicillin-resistant meningococcal strains are highly diverse [24, 25] . Most of this diversity results from meningococci, mosaic penA alleles are found in penicillinresistant isolates [15, 31] . blocks of nucleotide sequence within the penA gene that are up to 22% divergent from the susceptible isolates. These data
The penA genes of penicillin-susceptible gonococcal strains are closely related (2% nucleotide sequence divergence) to the imply that the resistant genes are mosaics of the original susceptible penA alleles with imported DNA, probably from anpenA genes found in susceptible meningococci, and as in the meningococcus, the alleles present at this locus in susceptible other species. Many different mosaic penA alleles have been observed in resistant meningococci, indicating that resistance strains are uniform, differing throughout the species by only 1% -2% nucleotide sequence differences [15] . All of the penA has arisen by this mechanism on many separate occasions [25] .
Some of the mosaic penA alleles contain DNA that is identialleles in penicillin-resistant gonococcal strains contain an additional codon, encoding an additional aspartate residue at posical, or very nearly so, to that of the penA gene of Neisseria flavescens (figure 2) [26] . The PBP2 of N. flavescens has a tion 345 in the transpeptidase domain of the PBP2 amino acid sequence, which has been shown to confer penicillin resistance number of amino acid changes, relative to the meningococcal PBP2, that render it more resistant to penicillins. As these [32] . Unlike the meningococci, in which many different penA mosaic alleles have been identified, only three gonococcal penA amino acid changes are present in N. flavescens strains isolated before the introduction of penicillins, it appears that these mealleles conferring penicillin resistance have been observed. Two of these are mosaics, one containing segments of a ningococcal strains have acquired penicillin resistance by the recruitment of parts of the N. flavescens penA gene, which nucleotide sequence similar to that present in N. flavescens and the other containing N. flavescens -and N. cinerea -like DNA fortuitously encodes a penicillin-resistant PBP2 [26] . This has been reproduced in the laboratory by the transformation of [15] . The remaining resistant gonococcal penA allele is not a mosaic, a circumstance showing that, in the gonococcus at meningococcal strains to resistance by N. flavescens DNA [27] .
Mosaics of susceptible penA alleles with DNA that is very least, resistant PBP genes can arise by mechanisms other than recombination events that form mosaics. As the nucleotide similar to that of the penA gene of another commensal species, / 9c54$$au17 07-21-98 10:46:59 cida UC: CID sequences of these alleles are distinct from those observed in genes from the pneumococcus to Streptococcus oralis [34] and to the viridans streptococci [35] . the meningococcus, there is no evidence of horizontal genetic exchange of the penA gene between gonococci and meningo-
The pneumococcus has five high-molecular-weight PBPs that are thought to be susceptible to the killing action of bcocci.
lactam antibiotics (table 1) by SDS-PAGE has been used to investigate differences between resistant and susceptible isolates [38] , the most reliable Penicillin-resistant S. pneumoniae strains have been isolated for more than 30 years, and some are resistant to 1,000 times means of determining the involvement of a particular PBP in the b-lactam resistance of pneumococcal strains is the in vitro the concentration required to kill truly susceptible isolates [4, 21] . Resistant strains are globally distributed, with levels of transformation of susceptible isolates with cloned PBP genes from resistant isolates [39] . Experiments of this type have resistance to benzylpenicillin of ú8 mg/mL in some countries [22] . These levels of resistance can lead to treatment failure, shown that, to be resistant to penicillins, a pneumococcus must acquire low-affinity variants of three PBPs (PBPs 1a, 2b, and and, as the highly penicillin-resistant isolates are often also resistant to cephalosporins [33] , such strains represent a major 2x) [39] (table 1) . The accumulation of three separate penicillin-resistant PBPs encoded by mosaic genes seems at first sight clinical problem. No streptococcal strains that express a blactamase have been isolated, and as streptococci are gramunlikely, but nucleotide sequence data show that this has occurred on many separate occasions, leading to the widespread positive organisms, there is no permeability barrier between the pneumococcal PBPs and the extracellular environment.
penicillin resistance observed in the pneumococcus [22, 40, 44, 45] . In the absence of these two mechanisms, high levels of blactam resistance in clinically isolated pneumococci are due to Similar transformation experiments have shown that pneumococcal resistance to third-generation cephalosporins, at levlow-affinity PBPs, encoded by mosaic genes [4] . It is possible to make laboratory mutations in other genes that confer bels 100-to 250-fold those of susceptible strains, is mediated by the acquisition of low-affinity PBP1a and PBP2x [36] . As lactam resistance, but these have not been found in clinical isolates [20] . In addition to the assembly and spread of mosaic the pbp1a and pbp2x genes are cotransformable, by virtue of their proximity on the chromosome, this resistance has the PBP genes encoding resistant proteins in S. pneumoniae, there is evidence of the horizontal spread of resistance-encoding PBP potential for rapid spread among strains [21] . Some penicillin-/ 9c54$$au17 07-21-98 10:46:59 cida UC: CID resistant pneumococci are also resistant to cephalosporins, but Chromosomally encoded genes pass only from mother cell to daughter cell, and new alleles generated by mutation remain the level of cross-resistance depends on the precise sequence of the PBP. For example, a single mutation in the pbp2x gene, in the lineage in which they arose. As distinct alleles accumulate at various loci, each lineage acquires a characteristic nonwhich leads to a threonine-to-alanine replacement at position random combination of alleles (the alleles are in linkage dis-550 of the PBP2x amino acid sequence of the PBP, increases equilibrium) [46, 47] . Fluctuations in population size or uneven the resistance to cefotaxime about fourfold, while lowering the spread causes the loss of many lineages, reducing the overall strain's resistance to benzylpenicillin [33] .
diversity of the population. The resultant clonal population For each of the three PBPs shown to be important in bcomprises a limited number of lineages, each recognizably lactam resistance in the pneumococcus, the genes that encode descending from a common ancestor, which can be identified the resistant variants are mosaics of the alleles present in the by a number of techniques that assess the relationships of susceptible strains and divergent DNA, which, as in the case bacterial chromosomes, including multilocus enzyme electroof the meningococcal and gonococcal PBP genes, has a 14% -phoresis (MLEE) [48] , pulsed-field gel electrophoresis (PFGE) 23% nucleotide sequence difference from the DNA present in fingerprinting [49] , and, to some extent, ribotyping [50] . In a the susceptible strains [3 -5, 21] . The situation in the pneumoclonal population, a novel allele conferring antibiotic resistance coccus is more complicated than in Neisseria, however, as in will remain in the lineage in which it arose and will invariably some cases DNA sequences in other species that are similar be associated with other unlinked characteristics, such as seroto the introduced DNA have not been identified; in cases where type antigens. similar sequences have been identified, these species -StreptoFrequent horizontal genetic exchange can disrupt this clonal coccus mitis and S. oralis -are not themselves resistant to the structure by reassorting alleles among lineages; consequently, action of b-lactams (table 1) .
the stability of clonal population structures depends on the rate It seems that the accumulation of point mutations, in addition at which horizontal genetic exchange occurs, relative to the to recombination, has played a part in the evolution of brate of spread by clonal descent. Depending on the relationship lactam-resistant pneumococci [43] . The situation is further of these processes, a given population of bacteria has one of a complicated by evidence of multiple recombination events number of possible population structures, ranging from strictly within single alleles and mosaic alleles that do not encode bclonal to nonclonal, or panmictic [47, 51] . In nonclonal or lactam-resistant PBPs [22] . Thus, it is not possible to reconweakly clonal populations, the association of particular markstruct a probable order of recombination and mutation events ers, such as antibiotic resistance or serological characteristics, that have led to the emergence of pneumococcal b-lactam resismay be lost. tance.
In the pneumococcus there is evidence of both clonal and Horizontal and Clonal Spread of Antibiotic Resistance horizontal spread of PBP genes and antigen genes. The multidrug-resistant S. pneumoniae serotype 23F strains isolated in In the absence of frequent horizontal genetic exchange, binary fission imposes a clonal structure on bacterial populations. If the resistance phenotype is selectively neutral, the removal of the selection pressures that have led to the rise in frequency of the alleles in the bacterial gene pool will not lead to a rapid decrease in the frequency of these alleles. The resistant alleles will persist at levels close to their elevated levels for many years. It is possible that the mutations present in the PBPs that reduce their affinity for antibiotics have a negative effect on ants of target enzymes with low affinity for the antibiotic, (2) the spread of these alleles among genetically diverse organisms, and (3) the accumulation of several genes conferring resistance phoretic type (ET; determined by MLEE) and identical PBP to generate novel strains with high levels of antibiotic resistance genes in addition to their conserved serotype antigens. In this or a broad spectrum of antibiotic resistances. In the case of case it appears that this particular clone possibly arose in Spain meningococcal sulfonamide resistance and intermediate-level and then spread clonally [52] . This spread was perhaps due to penicillin resistance, only one mosaic gene is required. Highthese bacteria having a selective advantage by virtue of their level penicillin resistance in the gonococcus depends on the multiple-antibiotic-resistant phenotype, possibly in combinaaccumulation of two genes encoding different PBPs plus pertion with the serotype 23F phenotype, and the alleles at the meability mutants, and in the pneumococcus high levels of loci that characterize this ET ''hitchhiking'' with the antibioticpenicillin resistance are achieved by the accumulation of at resistance genes. There is similar evidence of the clonal spread least three penicillin-resistant mosaic PBP genes. Horizontal of multiresistant serotype 6 pneumococci [53] . In other cases, genetic exchange has also provided a mechanism for the reashowever, identical PBP alleles are found in strains with diverse sortment of alleles encoding antibiotic resistance with alleles serotypes, ETs, and PFGE fingerprint patterns or strains with a for other genes, such as antigens, to produce novel strains. particular ET and PBP genes that have an unexpected serotype.
The World Health Report 1996 estimated that more than 17 These strains are most easily explained by the mobilization of million of the 52 million human deaths during 1995 were PBP and capsular genes, which determine serotype, by horicaused by infectious diseases. Bacterial infection accounted for zontal genetic exchange [21, 45, 54, 55] . The relationship of more than 11.4 million of these deaths, mostly of infants and horizontal and vertical spread of alleles in the pneumococcus young children. This is counter to the expectation prevalent is illustrated in figure 3 [21] . some 50 years ago, when the widespread introduction of antibiCosts and Benefits of Antibiotic Resistance Mediated by otics was thought to herald the end of bacterial infectious disMosaic Genes eases as major causes of human mortality. Of the many reasons for the resurgence of bacterial infection throughout the world, In the above examples of target-mediated antibiotic resistance conferred by mosaic genes, expression of the resistant the rise of antibiotic resistance is particularly alarming, as it
